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Recent developments in the global nuclear industry have led to the need of reactor 
designs that are not only safe, but also address the challenges involving nuclear waste while 
producing clean electricity at low costs. One of the designs proposed to fill these 
requirements is the Advanced Burner Reactor (ABR), a sodium cooled, metal fuel fast 
reactor system that uses spent fuel from current light water reactors as part of its energy 
source. Due to the complex nature of nuclear reactors, extensive modeling of a system must 
be performed in order to demonstrate the viability of such system.  
This thesis combines two established reactor modeling techniques in order to 
efficiently model the ABR core. The computational methods used in this work are Monte 
Carlo (MC) and nodal diffusion. The MC method is a well-established computational 
approach for modeling of nuclear systems, and is considered to be very accurate and 
versatile. However, the MC requires extensive time and computational resources, and its 
applicability becomes prohibitively expensive when performing analyses of accident 
scenarios. Meanwhile, the nodal diffusion method requires much fewer resources to 
perform such analyses, but theoretically the accuracy is compromised due to the 
simplifications applied to the model. 
The main focus of the work presented in this thesis revolves around expanding the 
capabilities of nodal diffusion codes to calculate local isotopic concentrations, activities 
and decay heat quantities, which is a first-of-a-kind demonstration of the applicability of 
nodal diffusion codes for such calculations. Establishing this approach allows for the 
 xv 
capability of decay heat to be calculated rapidly and efficiently, allowing for the 
performance of transient analyses in accident scenarios.  
The work presented in this thesis uses the MC code Serpent as a macroscopic and 
microscopic cross-section generation tool, and the nodal diffusion code DYN3D for full 
core analysis of the ABR core. The Serpent-DYN3D code sequence is then applied for 
various scenarios, including decay heat analysis, and compared to reference MC solutions. 
It is found that the Serpent-DYN3D sequence is an adequate tool for modeling of sodium 
cooled, metal fuel fast reactors, providing accurate solutions while saving on time and 






CHAPTER 1. INTRODUCTION 
This thesis investigates an extended coupling of the Monte Carlo and nodal diffusion 
computational methods for reactor physics analysis of metal fuel, sodium cooled fast 
reactors. The coupling is extended by exploring the capability of nodal diffusion codes to 
calculate local isotopic concentrations, activities and decay heat quantities. This document 
presents the methodology used to perform various analyses related to core performance, 
including static state, depletion and decay heat analysis. The following sections will lay 
out the motivation for the work, the objectives of the thesis, and a description of the work 
performed. 
1.1 Motivation 
One of the major hurdles faced by the nuclear industry is the need to find a solution 
for the spent nuclear fuel generated in light water reactors (LWRs). However, the fuel 
discharged from LWRs still contains a large amount of energy, and can be used as fuel in 
alternative reactor designs, such as fast reactors. The sodium cooled fast reactor (SFR) is 
one of the designs being developed as part of the Generation IV reactors, which aims at 
increasing performance, safety and economic viability of nuclear technology [1]. Due to 
the complex nature of nuclear reactors, detailed modeling is necessary to validate reactor 
designs before any experiments or construction can take place. Throughout the last half 
century, computational methods have continuously been developed to be able to model 
even the most complex reactor performance. The Monte Carlo method is a well-established 
method that is known to provide accurate results for neutronics analysis. However, this 
method is very costly, both computationally and time wise. The computational 
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requirements are further amplified for complex and large geometries, such as in the case 
of full core analysis. An alternative approach to the Monte Carlo method relies on the 
reduced-order nodal diffusion methodology. Nodal diffusion codes are generally less 
accurate than Monte Carlo codes, but are able to produce results much faster and with much 
lower computational costs. In addition, nodal codes have no knowledge of micro quantities, 
such as concentrations and spatial decay heat distributions. The traditional lattice-nodal 
diffusion sequence relies on generating macroscopic cross-sections, and limited number of 
microscopic cross-sections (e.g., xenon and samarium), and feeding these into nodal 
solvers. A primary focus of this thesis is to extend this approach by including a full set of 
micro cross-sections for multiple isotopes (~290) that enable to track the spatial decay heat 
production within the core. Motivated by developing a scheme that provides accurate 
results while requiring fewer computational resources and shorter time, the applicability of 
coupling Monte Carlo and nodal diffusion methods for the analysis of a metal fuel, sodium 
cooled fast reactor is investigated in this thesis.  
1.2 Objectives 
The main objective of the thesis is to show that the metal fuel, sodium cooled fast 
reactor can be modeled accurately by the Monte Carlo-nodal diffusion sequence, and yet 
require considerably less computational resources when compared to full core analysis with 
solely Monte Carlo methods. This is accomplished by: 
- Developing a Serpent model of the ABR core to be used as a reference solution. 
- Establishing the Serpent-DYN3D code sequence for basic depletion problems.  
- Generating macroscopic and microscopic cross section libraries using Serpent. 
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- Applying the Seprent-DYN3D for spatial decay heat generation for varying 
levels of geometric complexity, including full core 3D models. 
 In order to validate the approach, the results obtained are compared to MC Serpent 
models, which are taken as reference solutions.  
1.3 Scope 
As a starting point, the first portion of the work relates to the OECD “Benchmark 
for Neutronic Analysis of Sodium-cooled Fast Reactor Cores with Various Fuel Types and 
Core Sizes” [2]. The medium size, 1000 MW thermal, metal fuel Advanced Burner Reactor 
(ABR) core is chosen as the reference design for this thesis. All Monte Carlo simulations 
presented in this work were performed using Serpent.  
First, a 3D model of the full core was developed using Serpent, and results are 
compared to reported results from the benchmark. Once good agreement was achieved, the 
Serpent model was taken as the reference solution for comparison with nodal diffusion 
results. The nodal diffusion code used in the analysis is DYN3D. The Serpent-DYN3D 
code sequence is used to model the reactor by using Serpent as a cross section generator 
for small portions of the reactor, and DYN3D for full core analysis. Serpent-DYN3D code 
sequence is then used for static state analysis, depletion analysis, and decay heat analysis 
with micro depletion.  
1.4 Thesis Layout 
In Chapter 2, background information pertaining to the remaining of the thesis will 
be presented, including descriptions of the reactor physics concepts, computational 
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methods and computer codes used. Chapter 3 provides a detailed description of the ABR 
core geometry and materials used. In Chapter 4, the Serpent model used to validate Serpent 
versus the results reported in the benchmark is described and results are presented. 
Chapter 5 establishes the Serpent-DYN3D code sequence for 2D and 3D simple depletion 
problems, and the methodology used for macroscopic cross-section generation is 
described. Chapter 6 contains the bulk of the work, where first the microscopic 
cross-section generating process is presented, followed by an analysis of operational 
conditions effects on decay heat generated, and finally a full decay heat analysis for 
multiple geometries is performed applying the Serpent-DYN3D code sequence. Finally, 
Chapter 7 presents a set of conclusions and some possible future work related to this thesis. 
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CHAPTER 2. BACKGROUND 
In this chapter, an overview of the computational methods, computer codes, and the 
ABR reactor design will be presented. Information from this chapter will be used 
throughout the thesis.  
2.1 Neutron Transport 
A key aspect in modeling nuclear reactor cores is the understating of the behavior 
of the particles within the core, especially the distribution of neutrons in the reactor. The 
movement and interactions of neutrons is described by neutron transport theory. By 
understating the core configuration and material composition at an initial point in time, the 
behavior of the reactor can be predicted based on operating conditions and interactions 
between particles, and material compositions can be predicted at future points in time.  
The mathematical model that describes the behavior of neutrons in the core is 
known as the neutron transport equation. This is a linear equation in the unknown 
dependent variable 𝑛(𝒓, 𝐸, Ω̂, 𝑡), known as angular neutron density, and seven independent 
variables: three in space 𝒓 = (𝑥, 𝑦, 𝑧), three in velocity (one in energy 𝐸, two in angular 
direction Ω̂ = (𝜃, 𝜙)), and one in time 𝑡. The equation describes neutron balance in a 
medium, namely, the fact that the number of neutrons lost (through leakage and collision 
out of the velocity of interest) must equal the number of neutrons gained (through 
independent source, streaming, and collision into the velocity of interest). The most 




+ 𝜈Ω̂ ∙ ∇𝑛 + 𝜈Σ𝑡 𝑛(𝒓, 𝐸, Ω̂, 𝑡) 






′ ⟶ 𝐸, Ω̂′ ⟶ Ω̂)𝑛(𝒓, 𝐸′, Ω̂′, 𝑡) +  𝑠(𝒓, 𝐸, Ω̂, 𝑡) 
2.1 
 The neutron transport equation is often simplified and written in terms of the 
angular flux (𝜓), and when considering systems without external sources, the criticality 
can be expressed in terms of the eigenvalue 𝑘 , so that the neutron transport equation takes 
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2.2  
 While the neutron transport equation is precise in tracking the behavior of neutrons 
throughout the reactor and throughout time, it is very complicated to obtain an explicit 
solution, even with modern day high computational capabilities. Therefore, a number of 
simplifications and assumptions can be made in order to make the equation easier to solve. 
One of the most common simplifications is to approximate the streaming term via the 
neutron diffusion theory [4]. 
2.2 Neutron Diffusion 
Neutron diffusion is derived from a similar approach as used to model the diffusion 
of particles in liquids and gaseous environments. In essence, it predicts that particles (or in 
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reactor case, neutrons) will diffuse from regions of high particle density to regions of low 
particle density. Diffusion theory is based on Fick’s law, which relates the neutron current 
and neutron flux by the following equation [4]: 
 
 




 Equation 2.3 describes that the neutron current, 𝐉, in the direction 𝐫 , is proportional 
to the gradient of the flux (𝜙) with the proportionality parameter known as the diffusion 
coefficient, 𝐷(𝐫), which has units of centimeters. Applying this concept to multiple 
directions and considering neutron balance in a fashion similar to that described in 





− 𝛻 ⋅ (𝐷𝛻𝜙) + Σ𝑎𝜙 = 𝑠 2.4  
If the medium is homogeneous, the term 𝛻 ⋅ (𝐷𝛻𝜙) can be replace by D∇2𝜙, where ∇2 is 
the Laplacian, and 𝑣 refers to the neutron speed.  
 Although the neutron diffusion equation allows for a much quicker and simpler 
solution for neutron distribution than the transport equation, it has its limitations. Neutron 
diffusion cannot be directly applied in regions where the flux gradient is large, such as near 
system boundaries and near sources or sinks. The following sections will describe the 
computational methods applied in the work presented in this thesis, as well as a brief 
introduction of the computer codes used.  
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2.3 Computational Methods 
2.3.1 Monte Carlo 
The Monte Carlo method is capable of providing high accuracy solutions to reactor 
analysis problems. While many simplified approaches use variable discretization to solve 
the complex transport equation, causing the solution to lose resolution due to the 
approximations made, the Monte Carlo method maintains maximum solution accuracy by 
preserving the continuous nature of the variables. By maintaining the continuous nature of 
the energy, spatial, and angular variables, the Monte Carlo method can be applied to 
accurately model systems containing highly complex geometries. This is accomplished by 
sampling random particles (in the case of nuclear core analysis, neutrons) individually, and 
tracking their behaviour in the core based on their interactions with core materials and 
boundaries. Because the particle interaction is simulated using statistical physical models, 
there is a degree of statistic uncertainty associated with Monte Carlo calculations. This 
uncertainty can be reduced by increasing the number of particles tracked in the system. 
However, increasing the number of particles tracked will lead to an increase in 
computational resources required. For some cases, the additional computational resources 
and amount of time required can be prohibitive, and alternate solutions must be used. This 
is especially true when Monte Carlo codes are coupled with depletion and thermal-
hydraulic feedback. Typically, such integration requires to iteratively update local 
properties, such as temperatures, nuclide concentrations, and power and results in high 
computational resource requirements.  
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2.3.2 Nodal Diffusion 
According to the nodal methodology it is assumed that a reactor can be spatially 
subdivided into a set of nodes; these are parts of the fuel assemblies divided in axial layers. 
Each node is characterized by the diffusion equation (Eq. 2.4) with unique set of multi-
group cross-sections. The three-dimensional neutronic model utilizes nodal expansion 
methods (NEM) to solve the multi-group neutron diffusion equation for Cartesian and 
Hexagonal geometry. The nodal diffusion method requires considerably less computational 
resources when compared to the Monte Carlo method. However, nodal diffusion requires 
that a set of cross sections, pre-generated for a given node, be provided. These cross 
sections are usually generated using codes that solve the transport equation (such is the 
case for codes that apply Monte Carlo). Further description of cross section generation will 
be provided in future chapters. Using the homogenised few group constants, the 3D neutron 
diffusion equation is solved and each node is represented by an average neutron flux. In 
addition, parameters such as criticality and spatial power can be generated throughout the 
reactor. One limitation that nodal diffusion faces is found when two adjacent nodes have 
highly different flux profiles, e.g., a fuel assembly next to a reflector assembly. This 
problem can be remediated by applying correction techniques, where the flux is re-
evaluated based on a correction factor relating the homogeneous to the heterogeneous flux 
in that node. Finally, it must be pointed out that the results obtained by any nodal diffusion 





This thesis heavily uses the Monte Carlo based Serpent code, developed in Finland, 
to perform transport calculations, and the DYN3D code, developed in Germany, for the 
nodal diffusion analysis. An overview of these codes, along with the description of tools 
used for data processing, is presented here.  
2.4.1 DYN3D  
The nodal diffusion code used in this work is DYN3D, a 3-dimensional nodal 
reactor dynamic code developed in Germany by Helmholtz-Zentrum Dresden-Rossendorf. 
The code was mainly developed for the analysis of transient scenarios for LWRs with 
hexagonal or square fuel lattices, but its functionality has been expanded for steady-state 
and fuel cycle calculations, including decay heat calculations [5], as well as for triangular 
assembly geometries [6]. Additionally, DYN3D has been shown to be a feasible tool for 
modelling of Sodium Fast Reactors (SFRs) for reactors with oxide fuel [7]. Although 
DYN3D can be coupled with a number of system codes, as well as thermal hydraulic and 
fuel performance codes, in order to expand its applicability, the work presented here relies 
only on neutronic analysis and thus no coupling of DYN3D with any other codes was 
realized. In order to be executed, DYN3D needs to be provided with a pre-generated 
cross-section library. In this work, cross section generation is done using the Monte Carlo 





Serpent is a multipurpose 3D Monte Carlo particle transport code developed at the 
VTT Technical Research Centre of Finland [8]. Serpent allows for the modelling of 
complex 3D geometries and can be used in fuel cycle analysis given its burnup capabilities. 
Originally, Serpent was developed mainly as a tool for generation of homogenized 
few-group constants, both for zero-leakage infinite lattices (INF) and for systems with non-
zero leakage currents, in which spectrum correction schemes (B1) are applied [9]. Serpent 
is continuously being update and is now very attractive for multi-physics calculations 
specifically for its efficient Woodcock Delta-tracking routine [10]. In this work, Serpent 2 
is used with the ENDF/B-VII cross section library as a few-group constant generator for 
homogenized macro and microscopic cross-sections, as well as for reference solutions for 
the cases analysed. 
2.4.3 Processing Tools 
While basic Excel spread sheets and MATLAB scripts were sufficient tools for data 
processing of the early portion of the work presented herein, the decay heat analysis 
involved manipulation of massive files that made usage of such tools prohibitive. 
Therefore, the serpent-tools package was used. The serpent-tools python package is a 
collection of parsing tools and containers aimed to expedite analysis of Serpent outputs. 
Files that would make MATLAB extremely slow or unresponsive can be processed within 
fractions of seconds, with no loss of data. The data is stored in an object-oriented 
framework that mimics the physical nature of the quantities represented, e.g. Detector 
objects have tallies and grid structures, Depleted Material objects have names and 
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associated atomic density, toxicity, and burnup matrices. Many of the readers and 
containers have routines for expediting common analyses, with heavy emphasis on 
plotting. Plots of Cartesian and Hexagonal detector meshes, flux spectra, homogenized 
group constants, and depletion parameters are made accessible to the user, without 
requiring a high learning curve. The project is hosted on GitHub with a permissive MIT 
license and is undergoing constant development and improvement. A thorough overview 













CHAPTER 3. ADVANCED BURNER REACTOR 
The work presented herein uses the Advanced Burner Reactor (ABR) design 
proposed by Argonne National Laboratory as its focused reactor core [12], although the 
methods and code sequences used in this thesis should be applicable to any type of reactor 
design. The ABR is a 1000 MWth sodium cooled fast reactor with a metallic core. The 
core design was developed under the Global Nuclear Energy Partnership (GNEP) program. 
The ABR design proposes a transuranic (TRU) conversion ratio of approximately 0.7 and 
has a one-year fuel cycle with assumed 90% capacity factor. The materials used in the ABR 
design are constrained to conventional or reasonably proven materials in order to be in 
accordance with current fast reactor experience and expertise. 
3.1 ABR Core Description 




Figure 3.1 Radial Core Layout of ABR Metallic-Fuel Core [2]  
The core is made up of 379 hexagonal assemblies, of which 180 are driver 
assemblies (78 inner core, 102 outer core), as well as 114 reflector, 19 control, and 66 
shield subassemblies. Two independent safety control systems are implemented, with a 
primary control system containing 15 subassemblies, and a secondary control system 
containing 4 control subassemblies. Whereas, in reality, the core is surrounded by various 
materials, a vacuum boundary condition is adopted for outside of the shielding region in 
the benchmark and is replicated in all associated analyses presented in the thesis.  
The nominal ABR power is 1000 MWth, with a coolant inlet and outlet 
temperatures of 355 C and 510 C, respectively. For simplicity, a constant average 
coolant, fuel and structural material temperature were used in the benchmark and have been 
























P Primary control (15)




Table 3.1 Nominal Operating Condition, Metallic Core [2] 
  Unit Value 
Reactor Power  MW-thermal 1000.0 
Coolant temperature ○C 432.5 
Average core structural temperature ○C 432.5 
Average metallic fuel temperature ○C 534.0 
3.1.1 Fuel Assembly 
Detailed description of the driver assembly under nominal operating conditions is 
presented in Table 3.2: 
Table 3.2 Parameters for Driver Subassembly of ABR Metallic Core [2] 
  Unit Operating state 
Overall length of subassembly  
- Lower structure 
- Lower reflector 
- Active core height 
- Replaced bond sodium  
- Gas plenum  








Subassembly pitch, cm cm 16.2471 
Subassembly duct outer flat-to-flat distance cm 15.8123 
Subassembly duct wall thickness cm 0.3966 
Number of fuel pins  271 
Outer radius of cladding cm a) 0.3857 
Inner radius of cladding cm 0.3236 
Fuel slug radius cm 0.3236 
Pin to Pin distance cm 0.8966 
a) Cladding outer radius has been slightly increased to compensate for the smearing of the wire wrap 
with the cladding. 
The driver subassembly is composed of 271 cylindrical fuel pins, has an active fuel 
height of 85.82 cm, and is divided into 5 isometric axial regions of unique fuel composition. 
The gas plenum is included in order to accommodate gaseous fission products and allow 
the sodium to expand during operations, as the fuel slug grows 5% due to radiation swelling 




Figure 3.2 Schematics of Driver Subassembly of ABR Metallic Core [2] 
3.1.2  Control Rod Assembly 


































































































































Table 3.3 Parameters for Control Assembly of ABR Metallic Core [2] 
  Unit Operating state 
Overall length of subassembly  
- Lower structure 
- Lower reflector  
- Absorber 






Subassembly pitch, cm cm 16.2471 
Subassembly duct outer flat-to-flat distance cm 15.8123 
Subassembly duct wall thickness cm 0.3966 
Interior duct outer flat-to-flat distance  cm 12.5125 
Interior duct wall thickness cm 0.3966 
Number of fuel pins  19 
Outer radius of cladding cm a) 1.1693 
Inner radius of cladding cm 1.0977 
Absorber radius cm 1.0977 
Pin to Pin distance cm 2.458 
a) Cladding outer radius is increased to compensate for the smearing of the wire wrap. 
The control subassemblies are designed to control reactivity by introducing 
materials that are strong neutron absorbers into the core. These assemblies are divided into 
interior and outer ducts. The outer duct has the exact same dimensions as the fuel driver 
assembly, with the interior duct having smaller dimensions to allow for the free motion of 
the control rods. The interior duct contains 19 cylindrical control rods made of HT-9 tubes 
filled with boron carbide pellets. The differentiator between primary and secondary control 
assemblies is that the primary control rods use natural boron, while the secondary control 
rods use enriched boron (65% atomic fraction). The axial schematics of the control 
subassemblies of the ABR core is presented in Figure 3.3: 
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Figure 3.3 Schematics of Control Subassembly of ABR Metallic Core [2] 
3.1.3 Radial Reflector 
The radial reflector subassemblies are made up of 91 solid HT-9 pins, and serve the 
purpose of limiting neutron leakage at the boundary of the active core by reflecting 
neutrons back towards the inner portion of the reactor. The detailed description of the 
reflector subassemblies dimensions is provided in Table 3.4, with axial schematics 
presented in the following Figure 3.4: 
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Table 3.4 Parameters for Radial Reflector Subassembly of ABR Metallic Core [2] 
  Unit Operating state 
Overall length of subassembly  
- Lower structure 
- Lower reflector  
- Radial reflector 






Subassembly pitch, cm cm 16.2471 
Subassembly duct outer flat-to-flat distance cm 15.8123 
Subassembly duct wall thickness cm 0.3966 
Number of fuel pins  91 
Rod radius  cm 0.7757 
Pin to Pin distance cm 1.5528 
 
























































































3.1.4 Radial Shield 
The ABR radial shield provides protection to the reactor’s surroundings by using 
strong neutron absorbing materials. These assemblies consist of 19 thick HT-9 tubes, the 
same material used for cladding, each filled boron carbide pellets. Detailed description of 
the subassembly dimensions and axial schematics are presented in the following table and 
figure: 
Table 3.5 Parameters for Shielding Subassembly of ABR Metallic Core [2] 
  Unit Operating state 
Overall length of subassembly  
- Lower structure 
- Lower reflector  
- Radial shield 






Subassembly pitch, cm cm 16.2471 
Subassembly duct outer flat-to-flat distance cm 15.8123 
Subassembly duct wall thickness cm 0.3966 
Number of fuel pins  19 
Outer radius of cladding cm 1.6794 
Inner radius of cladding cm 1.4277 
Absorber radius cm 1.4277 
Pin to Pin distance cm 3.3603 
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Figure 3.5 Schematics of Radial Shield Subassembly of ABR Metallic Core [2] 
3.1.5 Full Core 
An overview of the volume fraction that each type of material takes up in each of 























































































Table 3.6 Volume Fractions of ABR Metallic Core (%) [2] 






Homogeneous mixture of 30% SS-316 and 70% 
Sodium 
Lower reflector 35.34 64.66    
Upper structure 35.34 64.66    
Driver 
Active core  35.34 25.66 39.00   
Displaced bond sodium  74.34 25.66    
Gas plenum  35.34 25.66    
Radial reflector 15.50 84.50    
Radial shield 17.10 29.68  53.23  
Absorber in primary control 
subassembly 
47.75 20.78  31.46  
Absorber in secondary control 
subassembly 
47.75 20.78   31.46 
Empty duct in control subassembly 90.74 9.26    
 
3.2 ABR Material Description 
The fuel composition is provided both at the beginning of cycle (BoC) and end of 
cycle (EoC) by the benchmark definition. The fuel is made up of recovered TRU material 
from discharged LWR fuel. The following tables provide the fuel composition for each 

















Upper boundary from active core bottom (cm) 
17.16 34.33 51.49 68.66 85.82 
U-234 1.1369E-06 1.0856E-06 1.0727E-06 1.1028E-06 1.1759E-06 
U-235 3.0421E-05 2.9338E-05 2.8961E-05 3.0070E-05 3.2571E-05 
U-236 2.4896E-06 2.5117E-06 2.5536E-06 2.3779E-06 2.0226E-06 
U-238 1.9613E-02 1.9474E-02 1.9433E-02 1.9550E-02 1.9801E-02 
Np-237 4.6686E-05 4.6962E-05 4.6782E-05 4.7603E-05 4.8895E-05 
Pu-236 4.9700E-10 5.5883E-10 5.6701E-10 5.5075E-10 4.8775E-10 
Pu-238 1.1695E-04 1.1284E-04 1.1196E-04 1.1370E-04 1.1829E-04 
Pu-239 2.2076E-03 2.1814E-03 2.1754E-03 2.1813E-03 2.2011E-03 
Pu-240 1.3244E-03 1.2955E-03 1.2902E-03 1.2986E-03 1.3248E-03 
Pu-241 1.9375E-04 1.8610E-04 1.8518E-04 1.8537E-04 1.8845E-04 
Pu-242 2.9277E-04 2.8911E-04 2.8818E-04 2.9038E-04 2.9569E-04 
Am-241 1.0791E-04 1.0465E-04 1.0353E-04 1.0686E-04 1.1421E-04 
Am-242m 9.2989E-06 9.0848E-06 9.0224E-06 9.1756E-06 9.4890E-06 
Am-243 1.0017E-04 9.8324E-05 9.7993E-05 9.8630E-05 1.0032E-04 
Cm-242 5.6250E-06 5.8208E-06 5.9476E-06 5.4901E-06 4.5416E-06 
Cm-243 5.4321E-07 5.0246E-07 5.0136E-07 4.8876E-07 4.8480E-07 
Cm-244 6.7240E-05 6.5722E-05 6.5622E-05 6.5349E-05 6.5394E-05 
Cm-245 1.7397E-05 1.6743E-05 1.6663E-05 1.6696E-05 1.7026E-05 
Cm-246 9.2285E-06 9.1426E-06 9.1307E-06 9.1364E-06 9.1805E-06 
Zr 7.2802E-03 7.2802E-03 7.2802E-03 7.2802E-03 7.2802E-03 
a) Mo 9.2873E-04 1.1464E-03 1.2031E-03 1.0625E-03 7.4065E-04 
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Table 3.8 Number Densities of Outer Core Fuel Pin, BOC (atoms/barn-cm) 
Nuclide 
Upper boundary from active core bottom (cm) 
17.16 34.33 51.49 68.66 85.82 
U-234 1.6317E-06 1.5766E-06 1.5638E-06 1.5894E-06 1.6552E-06 
U-235 3.0822E-05 2.9870E-05 2.9561E-05 3.0391E-05 3.2250E-05 
U-236 1.7881E-06 1.8534E-06 1.8941E-06 1.7528E-06 1.4710E-06 
U-238 1.8244E-02 1.8144E-02 1.8115E-02 1.8191E-02 1.8359E-02 
Np-237 9.8244E-05 9.7300E-05 9.6775E-05 9.8481E-05 1.0175E-04 
Pu-236 7.1175E-10 8.2505E-10 8.4282E-10 8.0703E-10 6.8053E-10 
Pu-238 1.6436E-04 1.6026E-04 1.5949E-04 1.6063E-04 1.6416E-04 
Pu-239 2.8147E-03 2.7664E-03 2.7538E-03 2.7786E-03 2.8416E-03 
Pu-240 1.7467E-03 1.7191E-03 1.7135E-03 1.7231E-03 1.7508E-03 
Pu-241 2.8976E-04 2.8138E-04 2.8012E-04 2.8135E-04 2.8697E-04 
Pu-242 4.0754E-04 4.0412E-04 4.0321E-04 4.0530E-04 4.1028E-04 
Am-241 1.8607E-04 1.8127E-04 1.7970E-04 1.8397E-04 1.9339E-04 
Am-242m 1.2185E-05 1.2045E-05 1.2021E-05 1.2039E-05 1.2064E-05 
Am-243 1.3234E-04 1.3019E-04 1.2985E-04 1.3036E-04 1.3206E-04 
Cm-242 6.4688E-06 6.8630E-06 7.0553E-06 6.4446E-06 5.1976E-06 
Cm-243 6.3471E-07 6.0893E-07 6.0901E-07 5.9753E-07 5.9372E-07 
Cm-244 8.0107E-05 7.8889E-05 7.8847E-05 7.8479E-05 7.8359E-05 
Cm-245 2.0200E-05 1.9678E-05 1.9613E-05 1.9635E-05 1.9913E-05 
Cm-246 1.0443E-05 1.0371E-05 1.0361E-05 1.0367E-05 1.0410E-05 
Zr 7.2802E-03 7.2802E-03 7.2802E-03 7.2802E-03 7.2802E-03 








Table 3.9 Number Densities of Inner Core Fuel Pin, EOC (atoms/barn-cm) 
 
Nuclide 
Upper boundary from active core bottom (cm) 
17.16 34.33 51.49 68.66 85.82 
U-234 1.8287E-06 1.7464E-06 1.7210E-06 1.7764E-06 1.9079E-06 
U-235 2.4267E-05 2.2703E-05 2.2106E-05 2.3630E-05 2.7069E-05 
U-236 3.8348E-06 3.8253E-06 3.8904E-06 3.6660E-06 3.2386E-06 
U-238 1.9080E-02 1.8846E-02 1.8774E-02 1.8956E-02 1.9348E-02 
Np-237 4.2039E-05 4.2589E-05 4.2264E-05 4.3414E-05 4.5039E-05 
Pu-236 5.8848E-10 7.1975E-10 7.3569E-10 7.1148E-10 5.8989E-10 
Pu-238 1.1306E-04 1.0695E-04 1.0560E-04 1.0811E-04 1.1477E-04 
Pu-239 2.1915E-03 2.1613E-03 2.1525E-03 2.1639E-03 2.1956E-03 
Pu-240 1.3132E-03 1.2652E-03 1.2570E-03 1.2692E-03 1.3112E-03 
Pu-241 1.9156E-04 1.8154E-04 1.8043E-04 1.8083E-04 1.8570E-04 
Pu-242 2.8455E-04 2.7834E-04 2.7677E-04 2.8014E-04 2.8850E-04 
Am-241 9.5712E-05 9.0753E-05 8.8828E-05 9.3685E-05 1.0442E-04 
Am-242m 9.4584E-06 9.0121E-06 8.9023E-06 9.1452E-06 9.7079E-06 
Am-243 9.4543E-05 9.1729E-05 9.1054E-05 9.2383E-05 9.5601E-05 
Cm-242 7.0997E-06 7.2237E-06 7.4075E-06 6.9780E-06 6.1283E-06 
Cm-243 7.7326E-07 7.5394E-07 7.7307E-07 7.1317E-07 6.3410E-07 
Cm-244 7.2896E-05 7.0894E-05 7.1010E-05 7.0175E-05 6.9521E-05 
Cm-245 1.6466E-05 1.5274E-05 1.5116E-05 1.5268E-05 1.6039E-05 
Cm-246 9.3179E-06 9.1820E-06 9.1659E-06 9.1722E-06 9.2397E-06 
Zr 7.2802E-03 7.2802E-03 7.2802E-03 7.2802E-03 7.2802E-03 




Table 3.10 Number Densities of Outer Core Fuel Pin, EOC (atoms/barn-cm) 
 
Nuclide 
Upper boundary from active core bottom (cm) 
17.16 34.33 51.49 68.66 85.82 
U-234 2.6749E-06 2.5827E-06 2.5566E-06 2.6029E-06 2.7159E-06 
U-235 2.6653E-05 2.5248E-05 2.4731E-05 2.5879E-05 2.8390E-05 
U-236 2.8172E-06 2.8830E-06 2.9516E-06 2.7665E-06 2.4368E-06 
U-238 1.7914E-02 1.7750E-02 1.7697E-02 1.7813E-02 1.8063E-02 
Np-237 8.9603E-05 8.8307E-05 8.7362E-05 8.9756E-05 9.3984E-05 
Pu-236 9.8954E-10 1.2250E-09 1.2619E-09 1.2075E-09 9.6571E-10 
Pu-238 1.6477E-04 1.5854E-04 1.5736E-04 1.5898E-04 1.6427E-04 
Pu-239 2.7012E-03 2.6334E-03 2.6132E-03 2.6495E-03 2.7397E-03 
Pu-240 1.7293E-03 1.6833E-03 1.6741E-03 1.6886E-03 1.7341E-03 
Pu-241 2.7597E-04 2.6534E-04 2.6364E-04 2.6552E-04 2.7377E-04 
Pu-242 4.0028E-04 3.9414E-04 3.9250E-04 3.9569E-04 4.0365E-04 
Am-241 1.7437E-04 1.6693E-04 1.6412E-04 1.7032E-04 1.8364E-04 
Am-242m 1.3196E-05 1.2874E-05 1.2832E-05 1.2894E-05 1.3097E-05 
Am-243 1.2765E-04 1.2462E-04 1.2395E-04 1.2502E-04 1.2795E-04 
Cm-242 8.2990E-06 8.6904E-06 9.0040E-06 8.4227E-06 7.4190E-06 
Cm-243 8.0947E-07 8.1124E-07 8.3343E-07 7.7944E-07 7.1488E-07 
Cm-244 8.4614E-05 8.3114E-05 8.3342E-05 8.2455E-05 8.1924E-05 
Cm-245 1.9441E-05 1.8483E-05 1.8342E-05 1.8467E-05 1.9145E-05 
Cm-246 1.0499E-05 1.0391E-05 1.0377E-05 1.0385E-05 1.0451E-05 
Zr 7.2802E-03 7.2802E-03 7.2802E-03 7.2802E-03 7.2802E-03 









The remaining non-fuel materials used are described in the following table: 
Table 3.11 Number Densities of Coolant and Structural Materials of ABR Metallic 
Core (atoms/barn-cm) 
Material Nuclide Number density 
Lower structure 
(homogeneous 
































CHAPTER 4. SERPENT MODEL VERIFICATION 
The goal of this thesis involves developing a process of coupling Monte Carlo and 
nodal diffusion methods for core analysis with results comparable to that of full Monte 
Carlo, while saving time and computational resources. Therefore, in order to obtain a full 
core Monte Carlo reference solution, the first step taken was to model the ABR core using 
Serpent. To verify the accuracy of the Serpent model, results are compared to those 
reported in the benchmark [2] using both BoC and EoC fuel compositions. The 
benchmark’s main purpose was to quantify and understand the uncertainties related to 
modelling steady-state and transient calculations of Generation IV reactors. In total, 11 
institutions from 7 countries contributed 31 sets of results using a variety of data libraries, 
computational methods and reactor physics codes, including MCNP5, ERANOS 
VARIANT8, VARIANT11, TRIPOLI-4, and Serpent, to name a few. 
4.1 Serpent Model 
The full core 3D ABR model was built using Serpent 2. Serpent utilizes the 
universe-based constructive solid geometry model [13], which allows for virtually any 2D 
and 3D geometry to be constructed. The way a reactor core model is built in Serpent can 
be viewed as an “inside-out” approach. First, all materials and surfaces used in the model 
must be defined. The user then proceeds by defining the geometry of the inner most 
division of the reactor, typically the fuel (in the case of this ABR model, fuel pins 
surrounded by cladding are first defined). The fuel pins are then arranged into the next level 
of the geometry, which are hexagonal prism assemblies in the ABR core. Once all 
assemblies have been properly defined, they are arranged into a new universe, representing 
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the full core. Finally, the outermost boundary of the geometry must be defined by 
specifying what is referred to as “outside cell”, at which point the pre-defined boundary 
conditions are applied.  
The following images were generated using Serpent’s plotting feature, and show 
the radial cross-sectional view of the core (with control rod assemblies inserted for 
illustrative purposes), as well as an axial view of the full core 3D model (with control rods 
removed, as is the case during nominal operation). 
 
Figure 4.1 Radial View of ABR Core Model Built in Serpent 
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Figure 4.2 Axial View of ABR Serpent 3D Model 
4.2 Comparison to Benchmark Results 
In order to establish the validity of this ABR 3D full core model to be used as a 
reference solution, various static state calculations were performed to meet the scenarios 
described in the benchmark exercises, which included: 
• Core multiplication factor (𝑘𝑒𝑓𝑓). 
• Sodium void worth – defined by the change in reactivity ∆𝜌 =  𝜌𝑣𝑜𝑖𝑑 − 𝜌𝑛𝑜𝑚𝑖𝑛𝑎𝑙, 
where 𝜌𝑣𝑜𝑖𝑑 in this exercise is defined by voiding all sodium present in the core. 
This is accomplished in Serpent by reducing the sodium density to 0.1% that of the 
nominal value.  
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• Doppler constant – defined by 𝐾𝐷 =
𝜌ℎ𝑖𝑔ℎ−𝜌𝑛𝑜𝑚𝑖𝑛𝑎𝑙
ln 2
, where the subscript high stands 
for the core reactivity when the fuel temperature is raised by a factor of two to that 
of the nominal value.  
• Effective delayed neutron fraction (𝛽𝑒𝑓𝑓). 
• Control rod worth – defined as the change in reactivity 𝐶𝑅𝑤𝑜𝑟𝑡ℎ =  𝜌𝐶𝑅 − 𝜌𝑛𝑜𝑚𝑖𝑛𝑎𝑙, 
where 𝜌𝐶𝑅 is the core reactivity when all control assemblies (both primary and 
secondary) are fully inserted in the core.  
The runs used the ENDF/B-VII cross section library [14]. Steady state calculations 
using 500,000 neutron histories, 1000 active cycles and 200 inactive cycles for each of the 










Table 4.1 Summary of Results Comparing Serpent Model to Benchmark Averages 
 k-eff 𝛽𝑒𝑓𝑓 ∆𝜌 Sodium ∆𝜌 Doppler ∆𝜌 Sodium 




1.0355 345 2024 -347 19647 
±  Standard 
Deviation 




1.0355 (7E-5) 338 2033 -303 17878 
Difference 
from B.A. 
0.0020 7 -9 -44 1799 




1.0123 344 2146 -348 20497 
±   Standard 
Deviation 




1.0196 (7E-5) 335 2068 -314 18597 
Difference 
from B.A. 
-0.0073 9 78 -34 1900 
 
 
4.3 Discussion of Results 
The results obtained from the Serpent runs are compared to the average benchmark 
results reported. As seen in Table 4.1, very good agreement is achieved when comparing 
the 3D full core ABR model to the results reported by other benchmark participants. Most 
results are within 1 standard deviation from the reported average, and all results compared 
are well within 2 standard deviations. The values for 𝑘𝑒𝑓𝑓 and 𝛽𝑒𝑓𝑓 are provided directly 
by the Serpent output file. The results corresponding to changes in reactivity take the 
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reactivity obtained from the nominal run and calculate the different values in accordance 
to the benchmark description and defined in the previous section.  
These results indicated that the Serpent model built in a manner such that the 
physical properties of the reactor are modeled well and represent a valid reference solution 
to be used in the remaining of the work performed in this thesis. The focus is now shifted 














CHAPTER 5. SERPENT-DYN3D COMPARISON 
This chapter will describe the initial comparisons made between Serpent and 
DYN3D. Some work was performed with very basic models of fuel pins and 2D lattices in 
order to gain expertise with the DYN3D code and the cross-section generation process. 
However, this work is not reported as it is very elementary and does not add much insight 
into the Serpent-DYN3D application process. Therefore, we start by comparing DYN3D’s 
burnup and power distribution calculation capabilities to that of Serpent’s reference 
solutions for realistic cases of 2D fuel assemblies and 3D full core. The first step towards 
applying the code sequence is to generate homogenized few-group constants.  
5.1 Description of DYN3D Model   
As described in Chapter 2, DYN3D is a nodal diffusion reactor dynamics code. The 
input of the code is provided by sub-dividing the reactor into nodes. These nodes are 
typically in the order of 20 cm in height, but each layer can be assigned a specific length. 
Each node is described as being composed of a single and unique cross-section set, which 
in reality is a homogenous mixture of the materials included where the cross sections were 
generated. Associated with each material is a cross section input file, which includes the 
following parameters (* indicates values that are associated with each energy group used) 
• Transport cross section*; 
• Absorption cross section*; 
• Fission-neutron production cross section*; 
• Fission energy-production cross section*; 
• Scattering matrix*;  
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Upper Structure – “09_UpperStructXS” 
• Assembly Discontinuity Factor (optional)*; 
• Delayed-neutron Fractions; 
• Delayed-neutron precursor decay constants; 
• Inverse neutron velocity*;  
• Fission spectrum* 
These values must be provided for each of the burnup steps in which the cross 
sections were generated. A sample 3D assembly is presented with the associated input files 
for each material (the ABR model in DYN3D is built using hexagonal nodes, the following 
figure is simply for illustrative reasons). 
   
Figure 5.1 Example of Nodal Structure for Fuel Assembly in DYN3D 
Lower Structure – “01_LowStrucXS” 
Fuel Region 1 – “02_FR1_XS” 
Fuel Region 2 – “03_FR2_XS” 
Fuel Region 3 – “04_FR3_XS” 
Fuel Region 4 – “05_FR4_XS” 
Fuel Region 5 – “06_FR5_XS” 
Sodium Plenum – “07_NaPlenumXS” 
Gas Plenum – “08_GasPlenumXS” 
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The process used for generating such cross-section files is described in the 
following section. 
5.2 Cross-Section Generation 
The generation of cross sections can be considered the most important step in the 
coupling of the Serpent and DYN3D codes, as the accuracy of the results generated in 
DYN3D are highly dependent on the quality of group constants provided. For this initial 
analysis, only macroscopic cross sections are used. The process used to generate 
microscopic cross section will be further explained in the next chapter. Throughout the 
chapter, the generation of infinite spectrum (INF) and B1 leakage corrected (B1) cross 
section will be performed and the effect that each approach has on the calculations will be 
analyzed.  
Throughout the work in this thesis, a 24-group energy structured was used. The 
selected group boundaries are presented in the following table: 













1 1.0000E+01 9 1.8316E-01 17 3.3546E-03 
2 6.0653E+00 10 1.1109E-01 18 2.0347E-03 
3 3.6788E+00 11 6.7380E-02 19 1.2341E-03 
4 2.2313E+00 12 4.0868E-02 20 7.4852E-04 
5 1.3534E+00 13 2.4788E-02 21 4.5400E-04 
6 8.2085E-01 14 1.5034E-02 22 3.1203E-04 
7 4.9787E-01 15 9.1188E-03 23 1.4894E-04 
8 3.0197E-01 16 5.5309E-03 24 1.0000E-10 
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The choice of energy structure is based on the study presented by Fridman et al., 
“Modeling of SFR cores with Serpent-DYN3D codes sequence”, where it was found that 
using the ECCO 33-group energy structure resulted in too few events being captured at the 
most thermal groups, leading to high statistical uncertainty [7]. The solution found was to 
lump some of the lower energy groups together, therefore increasing the probability that 
events are captured in this region, and decreasing the overall number of energy groups 
used.  
5.2.1 2D Fuel Lattice  
We start by modelling a 2D ABR fuel lattice which is infinite in the axial direction. 
In Serpent, this is achieved by modelling a single fuel assembly and using reflective 
boundary conditions, as to represent an assembly surrounded by identical assemblies, as 
seen in the following figure: 
 
Figure 5.2 Single 2D Fuel Assembly with Reflective Boundary Conditions 
Serpent generates the few group constants based on assigned universes, as 
described in Chapter 4. Therefore, for this assembly, everything inside of the assembly 
duct is defined as a universe, and Serpent homogenizes the materials within the universe 
to generate the cross sections. For this analysis, the assembly was depleted under normal 
operating conditions, with a fuel temperature of 807 K and a coolant density of 
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2.2272E-02 atoms/barn-cm, and the 24-group structure presented in Table 5.1 is utilized. 
Since the actual ABR assembly has fuel composition varying axially and this is only a 2D 
model, for sake of completeness each fuel region was modeled and compared to DYN3D 
results.  
5.2.2 3D Fuel Assembly 
While Serpent allows for the construction of complex and highly heterogeneous 
geometries, DYN3D input requires a single set of cross sections for a given node. These 
cross sections are homogenized in Serpent over a given geometry. To generate cross 
sections for this study, the following approach was used: 
– The cross sections for fuel regions were generated using a 3D single assembly model 
of a fuel assembly with reflective boundary conditions radially and black boundary 
conditions axially. The model simultaneously generates group constants for each of 
the axial fuel layers, as depicted in Figure 5.3. The fuel layer universes in Serpent 
are built with the intent of replicating the exact dimensions of the corresponding 
node in DYN3D. 
– All group constants for non-multiplying regions are separately generated using 2D 
super-cell models [15], as depicted in Figure 5.4. The regions of interest are placed 
in the center of the model and surrounded by fuel assemblies to simulate the flux 
similar as to the flux the assembly would experience in a full core. The group 
constants are only homogenized over the central region of interest. 
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Figure 5.4 Individual Sections Supercell Models: (a) Lower Structure, (b) Lower Reflector 
and Upper Structure, (c) Radial Reflector, (d) Primary Control Assembly, (e) Secondary 
Control Assembly, (f) Empty Duct, (g) Sodium Plenum, (h) Helium Gas Plenum, (i) Radial 
Shield, (j) Inner Core Fuel Assembly, (k) Outer Core Fuel Assembly 
Once the set of cross sections for each material is generated, the DYN3D full core 
model can be built by assigning the adequate material to each node. The comparison of the 
Serpent-DYN3D to the reference Serpent solution can now be performed.  
5.3 Results 
5.3.1 2D Fuel Lattice 
The 2D infinite fuel lattice describe in Section 5.2.1 is modeled in DYN3D and 
Serpent and results for the lattice depletion are presented in Figure 5.5, in which the 
DYN3D calculation, performed twice, once using B1 cross sections and another using 
infinite spectrum cross sections, are compared to the Serpent results: 
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Figure 5.5 Single 2D Fuel Lattice Burnup Calculation Results for Serpent vs. DYN3D  







), where Serpent is taken as the reference solution, are also compared 
throughout the depletion cycle, where 2𝜎 refer to two standard deviations from the Serpent 
reference solution: 
 
Figure 5.6 Single Assembly Difference in Reactivity for Serpent vs. DYN3D 
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As previously mentioned, this initial comparison uses the fuel composition of the 
first layer on the inner core. Since this is a 2D model, for the sake of completeness and in 
order to verify consistency, the material of each fuel layer of the inner and outer core is 
also analyzed.  
Figure 5.7 Results for Inner Core, Region 2 
Figure 5.8 Results for Inner Core, Region 3 
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Figure 5.9 Results for Inner Core, Region 4 
Figure 5.10 Results for Inner Core, Region 5 
Figure 5.11 Results for Outer Core, Region 1 
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Figure 5.12 Results for Outer Core, Region 2 
Figure 5.13 Results for Outer Core, Region 3 
Figure 5.14 Results for Outer Core, Region 4 
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Figure 5.15 Results for Outer Core, Region 5 
It can be seen that for an infinite system, in which there is no neutron leakage, the 
INF group constants, as expected, are the appropriate set of cross sections to be used, as 
the results obtained from DYN3D are well within the statistical error reported by Serpent. 
The B1 cross sections generate a discrepancy in the order of 300 pcm throughout the cycle. 
Therefore, the Serpent-DYN3D sequence is shown to be capable of accurately performing 
the depletion analysis in this infinite fuel lattice model. 
5.3.2 3D Full Core 
Once the 2D model was shown to reproduce the reference solution quite well, the 
full core was modeled in 3D. For this case, the fuel assemblies of the inner and outer core 
(as shown in Figure 5.3) were depleted for a full cycle, with the cross sections for each 
axial fuel region being generated for each burnup step. The cross sections for non-
multiplying regions were assumed to remain constant throughout the cycle. Once again, 
the B1 and INF cross sections were generated and applied for comparison to the reference 
solution, as shown in Figure 5.16. 
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Figure 5.16 Full Core Burnup Calculation Results for Serpent vs. DYN3D 
Comparing the change in reactivity for full core is not as meaningful as for the 2D 
case, since larger discrepancy is to be expected, of which would be well beyond the 
statistical error reported by Serpent. Instead, the difference in radial power distribution 
reported by both codes is compared and plotted for one quarter of the core. 
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Figure 5.17 Difference in Radial Power Distribution at Beginning of Cycle 
 
Figure 5.18 Difference in Radial Power Distribution After 1 Day 
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Figure 5.19 Difference in Radial Power Distribution After 20 Days 
 
Figure 5.20 Difference in Radial Power Distribution After 160 Days 
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Figure 5.21 Difference in Radial Power Distribution at the End of Cycle (328.5 Days) 
In Figure 5.16, the results for the full core depletion analysis are shown, comparing 
the Serpent full core 3D model to the results obtained using the Serpent-DYN3D sequence, 
where DYN3D calculations done using both INF and B1 group constants (for fuel regions 
only) are plotted. Contrary to the 2D assembly case, in the full core model, where the 
system is in its critical state and the spectrum should be corrected, the results indicate that 
using the B1 group constants leads to better agreement with the Serpent reference (124 pcm 
average reactivity difference) than the infinite spectrum (194 pcm average reactivity 
difference). It can be concluded that applying the leakage correction to the group constants 
produce better results when compared to the reference case.     
For the radial power distribution comparison, the full core was depleted with only 
5 burnup steps to save on computational time, as adding the detectors necessary for 
obtaining the power distribution add computational cost to the Monte Carlo calculation. 
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The plots presented in Figure 5.17 through Figure 5.21 present the average power 
difference calculated by each code in each assembly, at BoC, EoC and intermediate burnup 
steps. The highest difference in axial average power at the BoC was 1.38%, with an RMS 
error 8.6E-03. At the EoC comparison, the highest difference in average axial power 
reported is 2.11%, with an RMS error of 1.17E-02. Although there is a slightly higher 
average difference at the end of cycle, there is still a very good agreement between the two 
codes investigated. The following table summarizes the full core results for arbitrary 
sampled time-points: 



















0 0 1.031665 1.03307 4.70E-05 136.0 8.60E-03 1.38 
0.078 1 1.031360 1.03286 4.50E-05 145.2 8.32E-03 1.59 
1.560 20 1.029317 1.03081 4.60E-05 144.8 8.81E-03 1.61 
12.481 160 1.018813 1.02024 4.40E-05 139.9 9.69E-03 1.38 
25.625 328.5 1.006555 1.00768 4.80E-05 111.6 1.17E-02 2.11 
5.4 Serpent-DYN3D Comparison Conclusions 
Depletion analysis of the ABR reactor was performed using the Serpent-DYN3D 
code sequence. While Serpent models were used to generate reference solutions, the 
supercell method was utilized to produce few group constants to be used in DYN3D. The 
Serpent-DYN3D code sequence is compared to reference Serpent models for individual 
assemblies as well as for a 3D full core model. Results in reactivity and radial power 
distribution show very good agreement, indicating that this code sequence can be used to 
model depletion of full core metal fueled fast reactors. Finally, the Serpent-DYN3D code 
sequence is applied for decay heat analysis.  
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CHAPTER 6. DECAY HEAT ANALYSIS 
The ability to determine the decay heat produced by nuclear fuel after reactor 
shutdown is of extreme importance for analyses of accident scenarios in which heat 
removal systems might be compromised. It is also important for designing storage and 
transportation solutions for spent fuel. In Light Water Reactors (LWRs), the decay heat 
generated by the fuel after shutdown can be predicted with the help of the decay heat 
standards such as American National Standard for Decay Heat Power in Light Water 
Reactors issued by American Nuclear Society [16]. However, in the case of advanced 
reactors with non-conventional fuels, using such standardized calculation procedure can 
lead to large discrepancies in decay heat calculations. Alternative approaches must be 
capable of appropriately accounting for fuel composition and neutron energy spectrum 
[17]. First, this chapter investigates the effect that operational conditions have on decay 
heat. The remainder of the chapter presents a method for decay heat analysis applying the 
Serpent-DYN3D code sequence for 2D lattice, 3D fuel assembly and full core 3D models.  
6.1 Preparatory Work for Decay Heat Analysis 
6.1.1 Effect of Operational Conditions on Decay Heat 
The first step taken is to analyze the effects that operational conditions have on 
decay heat generation. This is accomplished by performing depletion analysis and using 
the isotopic atomic density in different points in time to calculate decay heat. To perform 
the depletion analysis, Serpent 2 was used. Serpent provides a detailed list of isotopic 
composition at each of the pre-specified burnup steps. In addition, Serpent provides all the 
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decay constants, and Q-values for the various isotopes. The decay heat can be directly 
deducted by taking the product of these quantities and summing over all the isotopes.  
6.1.1.1 ABR Fuel Assembly 
As a first step, a single 3D fuel assembly of the ABR core was modelled in Serpent 
(Figure 5.3). The fuel assembly was modelled with 6 variations from the nominal 
operational conditions (fuel temperature of 807 K, coolant density of 2.2272E-02 
atoms/barn-cm). The perturbations included high (1200 K) and low (600 K) fuel 
temperatures, and high (110% and 120%) and low (90% and 80%) values of the original 
coolant density. The fuel assembly was depleted for one full cycle of 328.5 days at full 
power, followed by a period of zero power to account for decay heat. The results in the 
following figures present the corresponding decay heat power: 
 
Figure 6.1 Total Decay Heat, Varying Fuel Temperature 
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Figure 6.2 Total Decay Heat During Operation, Varying Coolant Density 
 
Figure 6.3 Total Decay Heat After Shutdown, Varying Coolant Density 
 
Figure 6.1, Figure 6.2 and Figure 6.3 show no visible variation in the decay heat 
calculated by Serpent for varying fuel temperatures and coolant densities. To better 
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visualize the behavior, the difference between varying coolant density cases to the nominal 
case is plotted for the operational scenario and after shutdown: 
 
Figure 6.4 Relative Difference in Decay Heat During Operation 
 
Figure 6.5 Relative Difference in Decay Heat After Shutdown 
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6.1.1.2 Method Validation by Comparison to PWR Fuel Pin 
Despite there being a visible trend with the perturbation applied in the ABR 3D fuel 
assembly case, the difference is quite small even for large variations in coolant densities. 
In order to verify that operational conditions indeed have only a small impact in decay heat 
in fast systems, a standard UO2 Pressurized Water Reactor (PWR) pin enriched to 3.95%, 
in which higher variation is expected, is modeled with perturbed fuel temperatures and 
coolant densities. A more significant discrepancy would indicate that the approach is 
indeed valid and that fast reactors are less susceptible to change in operational conditions. 
The fuel pin was depleted for roughly the lifetime of the fuel in a light water reactor, which 
in this case was stretched out to 1200 days at full power. The nominal operational 
conditions were taken to have a fuel temperature of 900 K and a water density (coolant and 
moderator in this case) of 0.7005 g/cm3. The perturbations applied to the model included 
reducing the water density to roughly 57% and 86% of the original, and also varying the 
fuel temperature to a high of 1500 K and a low of 600 K.  
 
Figure 6.6 PWR Pin Model 
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For this study, the cumulative energy produced after the point of interest is 
calculated and plotted. The “set depmtx” card in Serpent was turned on during the depletion 
of the fuel pin, which produces a detailed tally of the isotopic composition in the fuel at 
each burnup step. These atomic densities were then taken at two points, after 600 and 1095 
days of operations, as to simulate the decay heat at an unexpected transient in the middle 
of the cycle, as well as at the end of the cycle. These atomic densities were then multiplied 
by the decay constants, and the Q-values, and the decay heat was calculated as to simulate 
a transient (followed for 3 days) and fuel after removal from core (followed for 260 days). 
A similar analysis was performed for a 2D fuel pin for the sodium fast reactor 
(SFR). The nominal conditions were taken to be the same as in the previously described 
3D fuel assembly (fuel temperature of 807 K, coolant density of 2.2272E-02 
atoms/barn-cm). The perturbations applied were 80% and 60% of the original coolant 
density, and a high fuel temperature of 1500 K and low fuel temperature of 600 K. 
 




6.1.1.3 Results  
As described in Section 6.1.1.2, the differences in the decay heat calculated by 
Serpent caused by the perturbations were close to negligible. In order to verify this 
behavior, a PWR fuel pin is modeled. The results presented from here compare the 
cumulative energy generated after the time of interest. First, Figure 6.8 and Figure 6.9 
present the decay heat energy generated once the reactor is shutdown prematurely (e.g. 
during a LOCA). 
 
Figure 6.8 Cumulative Energy Production with Varying Water Density, PWR Transient 
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Figure 6.9 Cumulative Energy Production with Varying Fuel Temperature, 
PWR Transient 
Figure 6.10 and Figure 6.11 represent the decay heat energy generated after 
shutdown at the end of cycle: 
 
Figure 6.10 Cumulative Energy Production with Varying Water Density, PWR EoC 
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Figure 6.11 Cumulative Energy Production with Varying Fuel Temperature, PWR EoC 
It can be seen that the total energy produced remains close to constant when the 
PWR fuel temperature is perturbed, with an average change of less than 1% for both cases 
analyzed. However, perturbation in coolant density leads to a more significant variance in 
energy generated. For the transient scenario, the case with 86% coolant density has a 
difference in energy produced of 2.51%, while the case with 57% coolant density has a 
difference of 9.71% at the end of the transient. As for the shutdown scenario, the case with 
86% coolant density lead to a difference in cumulative energy produced of 1.95% at 260 
days after shutdown, and similarly a difference of 6.63% is seen with the 57% coolant 
density case. 
As previously mentioned, in order to verify that in fast systems the effect of 
operational conditions has a low impact in decay heat calculations, a similar analysis was 
performed for the ABR fuel pin, varying coolant density and fuel temperature. The 
transient scenario was taken from the fuel composition after 300 days of full power 
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operations, while the EOC case was taken from the fuel composition after 640 days of full 
power operations. Results for cumulative energy produced are plotted: 
 
Figure 6.12 Cumulative Energy Production with Varying Sodium Density, 
ABR Transient 
 




Figure 6.14 Cumulative Energy Production with Varying Sodium Density, ABR EoC 
 
Figure 6.15 Cumulative Energy Production with Varying Fuel Temperature, ABR EoC 
As in the case with the PWR pin, perturbing fuel temperature is shown to have 
negligible impact on cumulative energy production, with an average deviation of less than 
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0.3% on both cases analyzed. However, unlike the PWR case, the perturbation in coolant 
density demonstrates a much smaller impact in cumulative energy produced. In the case of 
the transient scenario, the 80% coolant density case leads to a difference of 1.16% from 
the nominal case at the end of the transient, while the 60% coolant density case leads to a 
difference of 2.48%. In the shutdown scenario, the 80% coolant density case leads to a 
difference of 1.17% in total energy produced after 260 days, and the 60% coolant density 
case has a 2.51% difference in cumulative energy produced at the same point in time.  
Given that even at extreme cases where the coolant density is maintained at 60% 
and considering that there is some inherent error associated with the Monte Carlo 
calculation, the decay heat in fast systems are largely unaffected by variations in coolant 
density and fuel temperatures. Therefore, for the rest of the analysis using the 
Serpent-DYN3D code sequence, the cases will be carried out for nominal fuel temperature 
and coolant density. Before performing the decay heat analyses, the microscopic cross 
sections must be generated. 
6.2 Micro-Depletion and Decay Heat Calculation Methodology in DYN3D 
The lattice transport - nodal diffusion sequence is a widely used approach for 
performing full core calculations. Typically, homogenized macroscopic cross-sections are 
generated by a lattice code and tabulated against the operational parameters (e.g., coolant 
density, fuel temperature, burnup, etc.). In order to solve the depletion problem, 
microscopic cross-sections must also be mapped against the operational conditions. 
DYN3D uses both macro- and microscopic cross-sections sets to perform coupled neutron 
diffusion-T/H-burnup analysis on a core level.  
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The coupling scheme implemented in DYN3D relies on the quasi-static approach, 
in which multiple discrete time-steps are used to perform fuel cycle simulations. At the 
beginning of each time-step, DYN3D performs coupled neutron diffusion-T/H steady state 
calculations, with an optional criticality search. The obtained flux and temperatures 
distributions are considered constant during the time-step. These distributions are used to 
obtain local burnup and isotopic concentrations at the end-of-step (EoS). Finally, the EoS 
burnup distribution is used to obtain the updated macro- and microscopic cross-sections 
and the procedure is repeated for all the subsequent steps. 
The microscopic data generation stage is described in Section 6.3, whereas the 
remainder of this section focuses on describing the general depletion calculations to obtain 
the nodal nuclide field, 𝐍(t), as a function of time. DYN3D obtains the nodal nuclide 
vector 𝐍(t), composed of elements 𝑁j(t), representing the atom density of nuclide 𝑗, by 
solving the depletion problem formulated in Equation 6.1: 
𝑑𝑁𝑗(𝑡)
𝑑𝑡




where, 𝜆𝑗 is the decay constant of nuclide𝑗, 𝜎𝑎,𝑗 is the energy average absorption 
cross-section, 𝜙 is the total flux, 𝜆𝑘→𝑗 is the decay constant from nuclide 𝑘 to nuclide 𝑗, 
and 𝜎𝑘→𝑗 is the average transmutation cross-section of the nuclide 𝑘 that leads to the 
production of nuclide 𝑗. The set of multiple first order differential equations, Equation 6.1, 




= 𝐀 𝐍(𝑡) 6.2 
where 𝐀 is the transmutation matrix, which consists of the radioactive decay and neutron 
induced reactions rates terms. The solution of Equation 6.2 is obtained using the matrix 
exponential, as described in Equation 6.3, assuming constant reaction rate during 
time-step ∆𝑡. 
𝐍(𝑡) = exp[𝐀∆𝑡] 𝐍(𝑡0) 6.3 
where, 𝐍(𝑡0) describes the known nuclide vector at time 𝑡0, and ∆𝑡 is the length of the 
depletion time-step. Detailed discussion on the matrix components and their generation is 
given in Section 6.3.1.  
The method implemented in DYN3D to solve the matrix exponential (i.e., 
exp[𝐀∆𝑡]) is Chebyshev rational approximation [18], [19]. This method was proven to be 
particularly suitable [20] for fuel depletion and radioactive decay problems.  
The macroscopic cross-sections for nodal diffusion calculation, as well as 
microscopic cross-sections for depletion calculation, are interpolated from a pre-generated 
library using local burnup and operational parameters. The operational history is taken into 
account by correcting the macroscopic cross-sections using local nuclide concentrations 
[21]. Detailed spatial nuclide content distribution also allows to calculate the radioactive 
decay heat via the isotopic summation method, without relying on semi-empirical 
correlations, as described in Equation 6.4: 
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where 𝑃𝑛(𝑡) is the decay heat rate in node 𝑛 at time 𝑡, 𝑁𝑗
𝑛(𝑡) is the time dependent 
concentration of nuclide 𝑗 in node 𝑛, and 𝑞𝑗 is the energy release per decay of nuclide 𝑗. 
To capture the contribution of all the heat producing nuclides, DYN3D explicitly tracks 
over 1,200 isotopes (by default) via their decay or transmutation reactions. However, the 
transmutation chains can be easily extended, provided that the corresponding homogenized 
microscopic cross-sections are supplied to DYN3D by the lattice code.   
This method was implemented in DYN3D and tested only on simple 2D infinite 
lattices [22]. The main goal of this work is to demonstrate the applicability of this method 
to predict spatial isotopic concentrations and decay heat distributions in 3D full core case.  
6.3 Microscopic Cross Section Generation 
The macroscopic cross-section generation methodology was introduced and 
described in Chapter 5.2. The same approach is used for the required macroscopic 
cross-sections used in this portion of the analysis. The remainder of this section focuses on 
the generation of the microscopic cross-sections used for the depletion and decay heat 
analysis.  
6.3.1 Generation of the Transmutation Matrix 
This section describes the data preparation associated with solving the depletion 
problem (i.e., Bateman equations). More specifically, this section describes the procedure 
adopted to assemble the transmutation matrix and the corresponding simplifications made 
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to ease the data management. In this study, a total of ~1,400 nuclides are included in the 
transmutation matrix, which is a sparse matrix (denoted as 𝐀) as shown in Figure 6.16. 
 
Figure 6.16 Sparsity of the Transmutation Matrix. 
Figure 6.16 shows a dense diagonal (𝐴𝑗,𝑗 elements) that represents the decay 
constants (𝜆𝑗) for each isotope j and the group absorption reaction rates as shown in 
Equation 6.5.  





where, 𝜙𝑔 is the neutron flux in group g and the summation is performed over all 
the energy groups (one-group absorption reaction rates). The off-diagonal, 𝐴𝑘,𝑗, elements 
are composed by including the decay from isotope k to j (𝜆𝑘⟶𝑗) and the transmutation rate 
(𝜎𝑘⟶𝑗
𝑔
𝜙𝑔) from isotope k to j. 






 ,   𝑘 ≠ 𝑗 6.6 
 67 
Lastly, the dense array of columns in Figure 6.16 correspond to the production of 
fission fragments from fissions events originated from different fissionable elements as 
described by Equation 6.7: 






 ,    𝑘 ≠ 𝑗 6.7 
where, 𝛾𝑔
𝑘→𝑗
 is the energy dependent fission yield that leads to the production of isotope 𝑗 
(e.g., Xe-135), given that a fission event occurred in isotope 𝑘 (e.g., Pu-239). 
Some key points related to the compilation of the transmutation matrix are given 
below: 
6.3.1.1 Transmutation Matrix 
The transmutation matrix, which includes around 1,400 isotopes, was obtained 
directly from Serpent. The latter does not use a fixed number of nuclides or decay and 
depletion chains to construct a transmutation matrix. Instead, Serpent builds the 
transmutation chains automatically starting from the initial fuel composition and using the 
reaction modes described in radioactive decay and cross section data libraries [13]. Under 
the current implementation, the decay matrix in DYN3D is fixed based on the initial 
isotopic composition of the ABR fuel. There is no error associated with the mentioned 
simplification. However, if a completely different fuel composition is taken (e.g., 




6.3.1.2 Microscopic Cross-sections 
Serpent allows for the generation of homogenized microscopic cross-sections for 
any isotope and reaction (“mdep” card) without the need to define dedicated 
detectors/tallies. This option was exploited to generate tabulated few-group microscopic 
cross-sections with the same energy structure used for the macroscopic quantities. Only the 
(n,γ), (n,fission), (n,2n), (n,3n), and (n,α) reactions were considered in the transmutation 
chains. Microscopic cross-sections were generated for precisely 290 of the 1,400 isotopes 
corresponding to the isotopes included within the ENDF/B-VII cross section library. It 
must be emphasized that Serpent includes many more reactions, such as (n,t), which were 
not considered in DYN3D. However, the error associated with this simplification has a 
negligible effect on isotopic concentration of most nuclides, with higher impact on the 
lighter nuclides which are more likely to undergo some of these rare reactions.  
6.3.1.3 Fission Yields 
During calculations, Serpent obtains energy-dependent fission yields directly from 
the ENDF formatted fission yield data files. Typically, fission yield data is specified for 
several particular incident neutron energies. To obtain the effective fission yields for 
depletion calculations, Serpent interpolates the energy-dependent fission yield for every 
fissionable isotope that undergoes a fission event during the transport tracking routine. As 
a result, the fission yields in Serpent vary with burnup and spectrum and are composition 
dependent. This continuous energy approach cannot be reproduced exactly in DYN3D nor 
in any diffusion code because the code relies on energy discretization. Consequently, it was 
decided to generate energy-independent sets of fission yields for every fissionable isotope 
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based on the Serpent beginning-of-life data. Finally, Serpent produces fission yield values 
at every burnup point, leading to prohibitively large sets. Therefore, it was also decided to 
keep the fission yields constant throughout the depletion cycle. 
This simplification in fission yields treatment leads to discrepancies in the fission 
products concentrations. Figure 6.17 presents the fission yields distribution for Pu-239 and 
U-238 at different burnup points. It is clear that this difference is propagated through the 
depletion analysis and has non-negligible impact on some specific fission products. 
Potential approaches to avoid storing the fission yields as a function of operational 
conditions were not investigated in this work, but various solutions can be explored in 
future campaigns. 
(a) Pu-239 (b) U-238 
Figure 6.17 Weighted Fission Yields at Beginning-of-Cycle (BoC) and 
Middle-of-Cycle (MoC) 
6.3.2 Data Processing Requirements 
The data storage and processing requirements associated with tabulating 
macroscopic quantities are fairly negligible. However, this is not the case if microscopic 
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quantities are added to the tabulation process. Energy dependent microscopic cross-
sections of different type (e.g. 𝜎𝑓) must be stored for hundreds of nuclides and mapped 
against the operational conditions. For each fuel type, a unique library with microscopic 
parameters must be generated. In addition, fission yields for each possible parent-daughter 
pair must also be included in the pre-generated libraries.  
In the current analyses, 10 unique fuel types and hence libraries were considered. 
The cross-sections in each library were generated for 290 isotopes, five reaction types, and 
24 energy groups, resulting in a large amount of data.  
It must be pointed out that Serpent generates output files in MATLAB format. The 
few-group macroscopic cross-sections are printed in the main result file (i.e., “_res.m”), 
which occupied more than 70 MB in the current study. The microscopic cross-sections are 
printed in a separate “_mdx.m” file (6 MB) for each depletion step. The results were 
processed using the serpent-tools package, developed by the CORE group at Georgia Tech, 
previously described in Chapter 2.4.3. 
6.4 Results of Multi Geometry Decay Heat Analysis 
The results presented in the following sub-sections were produced for three cases, 
with increasing levels of complexity. First, an infinite fuel assembly (Section 6.4.1) was 
investigated due to its simplicity and the ability to accurately predict the few-group fluxes. 
The next test case (Section 6.4.2) focused on an infinite heterogeneous 3D fuel assembly, 
in which the spatial flux variation affects the axial decay heat predictions. Finally, the core 
level results are summarized in Section 0, in which a variable power scheme was applied. 
It must be emphasized that macro and microscopic cross-sections were tabulated only as a 
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function of burnup (as opposed to also tabulating the group constants as functions of 
operational conditions, which was a decision made based on the results of the analysis 
presented in Section 6.1.1). 
6.4.1 2D Lattice 
As a first step, an infinite 2D assembly is depleted in Serpent, with cross-sections 
being generated throughout the depletion cycle. The macro and microscopic cross-sections 
are then used in DYN3D to repeat the depletion calculations. For this scenario, the power 
of the simulated system was varied (Figure 6.18) throughout the depletion to investigate 
the effect this would cause on using the code sequence to calculate decay heat. Criticality 
reported by Serpent and DYN3D is compared and plotted in Figure 6.19. As expected, the 
agreement is within statistical uncertainty with the difference in reactivity that clearly 
experiences a stochastic behavior as shown in Figure 6.19. 
 
Figure 6.18 Assembly Power Profile Throughout the Cycle 
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Figure 6.19 Criticality Throughout Depletion Cycle for Serpent vs. DYN3D 
Infinite Lattice   
The ability of each code to keep track of isotopic concentration throughout the 
depletion cycle is crucial for calculation of decay heat. The individual contribution of the 
top five isotopes to decay heat is compared between Serpent and DYN3D in Figure 6.20. 
To determine which isotopes constitute the largest decay heat (DH) share, the contribution 
of each isotope is averaged over the depletion cycle. It can be seen that these isotopes are 
in very good agreement, with a difference in decay heat produced on the order of 0.3%. It 
must be pointed out that the isotopes selected for comparison here are only important at 
the start phase of an accident due to their very short half-life. The list of the most 
contributing isotopes to decay heat will vary with the time scale of interest, e.g., hours for 













Figure 6.20 Decay Heat Contribution and Difference in Decay Heat Calculated by 
Serpent and DYN3D for the Five Most Contributing Isotopes 
Finally, the total decay heat in the system calculated by Serpent and DYN3D is 
compared. Very good agreement is achieved, with the difference between codes remaining 
close to constant throughout the cycle, even though the power is varied greatly in the cycle. 
 
Figure 6.21 Total Decay Heat in the Assembly Throughout Cycle and Difference 
Between Serpent and DYN3D 
6.4.2 3D Assembly 
The assembly active fuel region is axially divided into five heterogeneous layers with 
unique isotopic concentrations, as shown in Figure 5.3. The cross-sections for the fuel are 
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generated throughout the depletion cycle, while a single zero-burnup cross-sections set is 
used for non-multiplying regions. The criticality calculated by Serpent and DYN3D are 
compared in Figure 6.22.  
 
Figure 6.22 Criticality Throughout Depletion Cycle for Serpent vs DYN3D 3D Fuel 
Assembly 
In general, the agreement between the codes is very good, although there appears 
to be a consistent error build-up as the assembly continues to be depleted. The origin of the 
discrepancy arises from the fuel-reflector heterogeneity, but this is still considered to be a 
relatively small difference. For sake of comparison, the average standard deviation reported 
by benchmark participants at the End of Cycle (EoC) is in the order of 700 pcm [2], 
therefore certain variation is to be expected when different methods are used. In order to 
identify the axial layer (fuel region) with the largest contribution to the error, the burnup 
calculated by each code is compared for each fuel region and is depicted in Figure 6.23. 
There is good agreement for the burnup calculated by Serpent and by DYN3D in all fuel 
regions, with a maximum difference of less than 1% throughout the depletion cycle. 
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Figure 6.23 Burnup Comparison for Each Fuel Region Throughout Depletion 
The isotopic composition calculated by each code is compared by taking the root 
mean square (RMS) error for each isotope 𝑖, over the five layers (𝐽 = 5) and the nine time-
steps (𝐾 = 9) according to Equation 6.8. The RMS differences for fission products and 
actinides are shown in Figure 6.24. It should be noted that only isotopes with concentration 
values above 1013𝑎𝑡 . 𝑐𝑚3⁄  were included in the comparison. Very good agreement is 
found between the isotopic concentrations reported by Serpent and DYN3D, both for 
fission products and actinides, with a maximum RMS on the order of 0.5% in a few outlier 
cases. 















Figure 6.24 RMS Difference in Atomic Density Calculated by Serpent and DYN3D for All 
Isotopes 
Finally, the decay heat generated in each fuel region is calculated by Serpent and 
by DYN3D, and results are compared in Figure 6.25. A good agreement is observed 
between Serpent and DYN3D, with the highest difference in decay heat happening at the 
lower fuel region, at a maximum of 1.6%, but the difference decreases to 0.6% at the end 
of the depletion cycle. This relatively high discrepancy in decay heat occurs due to the 
slightly different spatial flux values predicted by DYN3D, which leads to slightly different 
nuclide densities. 
 




6.4.3 3D Full Core  
The reference solution for the full core depletion case is generated with the Monte 
Carlo code Serpent. The calculations here were performed with fixed temperature 
distribution (no T/H feedback). For the cross-sections library generation, the fuel 
assemblies of the inner and outer core (shown in Figure 5.3) were independently depleted 
for a full cycle, with the cross-sections for each axial fuel region being generated for each 
burnup step. The cross-sections for non-multiplying regions were assumed to remain 
constant throughout the cycle. Here, the B1 leakage corrected cross-sections [9] were 
applied, only for the fuel assemblies, to account for the neutron leakage and nearly critical 
core configuration. The arbitrarily chosen operational power history is shown in Figure 
6.26. 
 
Figure 6.26 Power Level Throughout Depletion Cycle 
A good agreement is observed for the criticality values (Figure 6.27) calculated by 
both codes. The difference in radial power distribution reported by both codes is compared 
in Figure 6.28 and Figure 6.29 for one quarter of the core. These figures show good 
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agreement in the radial power results produced by Serpent and DYN3D, with a maximum 
difference of 1.38% at the Beginning of Cycle (BoC) and 2.11% at the End of Cycle (EoC). 
The calculation of difference in power distribution was repeated for selected intermediate 
steps throughout the cycle. The difference in criticality and the radial power RMS error are 
summarized in Table 6.1. 
 
Figure 6.27 Criticality Throughout Depletion Cycle for Serpent vs DYN3D Full Core 
Model 
 
(a) Power Peaking Values 
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(b) Relative Difference in Power (%) 
 
Figure 6.28 Difference in Radial Power Distribution at Beginning of Cycle 
 
(a) Power Peaking Value 
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(b) Relative Difference in Power (%) 
 
Figure 6.29 Difference in Radial Power Distribution Towards the End of 
Cycle (328 days) 
 














RMS error, % 
0 0 1.031646 1.03312 5 138 0.86 
3.042 40 1.028463 1.03009 5 154 0.83 
6.236 82 1.026493 1.02806 5 148 0.88 
12.168 160 1.021623 1.02280 4 113 0.97 
24.945 328 1.009211 1.01035 5 112 1.17 
The core average isotopic composition of specific important fission products and 











Figure 6.30 Atomic Concentrations and Differences Calculated by Serpent and 












Figure 6.31 Atomic Concentration and Difference Calculated by Serpent and DYN3D 
for Various Actinides 
In order to understand the overall isotopic concentration difference, the RMS error 
for all actinides and fission products tracked are plotted in Figure 6.32 for three different 
points in the depletion cycle. In general, the results are in good agreement, with most of 
the isotopic difference below 1%. However, there are some fission products with 
differences in the 1-2% range and a small fraction of nuclides experience differences above 
2%. The primary contributor to the depicted errors can be attributed to the mismatch in the 
spatial flux distribution between the codes. However, a fraction of the error in the 
concentrations of some fission products is due to the fixed fission yields used in this study. 
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(a) Inner Core Region 
 
(b) Outer Core Region 
Figure 6.32 RMS Difference in Atomic Density Calculated by Serpent and DYN3D for 
All Isotopes at Different Time-Points of The Cycle 
Finally, the decay heat calculated by Serpent and DYN3D is compared in Figure 
6.33 and Figure 6.34. First, the decay heat in each radial assembly channel is calculated. 
Results are presented for a time step at the middle of the cycle, when the relative power is 
at 90% of the nominal, and also at the end of cycle, where the relative power is at about 
11% of the nominal. 
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(a) Decay Heat Values (MW) 
 
(b) Relative Difference in Decay Heat (%) 
 
Figure 6.33 Decay Heat Calculated by Serpent and DYN3D and the Difference 
Between Codes in the Middle of the Cycle, 90% of the Nominal Power Level 
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(a) Decay Heat Values (MW) 
 
(b) Relative Difference in Decay Heat (%) 
Figure 6.34 Decay Heat Calculated by Serpent and DYN3D and the Difference 
Between Codes at the EoC, 11% of the Nominal Power Level 
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The radial comparison between codes demonstrates a very good agreement in both 
cases presented. A maximum difference in decay of around 2% was observed in the case 
in which the reactor power is at 90% of the nominal power, with most assemblies 
presenting a difference of around 1.5% and below. As for the case in which reactor power 
is low, close to 11% of the nominal, the observed difference in decay heat between Serpent 
and DYN3D is even smaller, with a maximum difference of 1.49%. It can be noted that, 
although great agreement is achieved for both cases, the difference in decay heat does tend 
to increase in the outer core region as compared to the inner core. This can be attributed to 
the higher fuel-reflector heterogeneity. 
Lastly, the overall decay heat for the system calculated by each code is also 
compared and presented in Figure 6.35. As expected based on the previous agreement 
achieved, the overall decay heat calculated by Serpent and DYN3D is in a very good 
agreement, with a maximum difference of only 0.6%. This analysis demonstrates that even 
for a full 3D core, with a varying power profile, the Serpent-DYN3D code sequence is able 
to accurately and efficiently perform decay heat calculations. 
 
Figure 6.35 Total Decay Heat in the Core Throughout Cycle and Difference Between 
Serpent and DYN3D 
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6.5 DYN3D Performance Considerations 
For this study, the core was divided into 900 burnable regions (180 fuel assemblies, 
each with 5 axial layers) both in DYN3D and Serpent. The Serpent reference solution was 
obtained using 500,000 neutron histories, with 200 inactive and 700 active cycles per 
depletion step. As a result, the maximum statistical uncertainty in power was on the order 
of 0.1%. It took 91 hours to complete the MC burnup calculations on 8 CPUs using the 
Open Multi-Processing (OpenMP).   
DYN3D is a serial code typically executed on a single CPU. To improve the 
efficiency of DYN3D for fuel cycle analysis, a parallel version was created. The 
parallelization was implemented only for the depletion routine using the OpenMP. In order 
to perform a fair comparison, the same system and number of processors were utilized by 
DYN3D. The overall computational time of DYN3D was 28 minutes, in which the multi-
group diffusion solution occupied 30% and the depletion calculations share was 70%. The 
overall time to generate the macro and microscopic cross-sections was ~30 hours.  
Although, the generation time seems to add significant overheads to the calculation time, 
the end use of the capability developed and demonstrated here must be remembered. Nodal 
diffusion codes are truly the only practical means to analyze a system under off-nominal 
scenarios. Such calculations mandate the use of tightly coupled neutronic-T/H calculations 
due to the strong variation of operational conditions, which affect the cross-sections, during 
the transient. The time to generate cross-sections then becomes negligible if compared to 
equivalent coupled calculations performed via the use of coupled MC-T/H sequences, 
which is prohibitively expensive and not practical. A major contribution is made in the 
current study by introducing a method to evaluate the decay heat using first principles. The 
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method allows to improve the fidelity of nodal diffusion codes to predict time-dependent 
spatial decay heat distribution, which is extremely important to analyze the system under 
transients. In fact, nodal diffusion codes are proven for their maturity and efficiency and 
thus are used as core simulators. Therefore, a true comparison should be made between the 
generation time to produce macroscopic cross-sections to that of generating both macro 
and microscopic quantities. Serpent was used to generate these cross-sections and a 
slowdown of ~10% was observed here.    
In summary, it is found that performing the decay heat analysis using DYN3D leads 
to results that are in good agreement with the reference Serpent solution, while requiring 











CHAPTER 7. CONCLUSIONS 
A summary of the work performed and the conclusions drawn are presented herein. 
Also, some possible aspects of work to be further developed are introduced.  
7.1 Conclusions  
The goal of this thesis was to establish a method of coupling Monte Carlo and nodal 
diffusion computational methods for the efficient analysis of sodium cooled, metal fuel fast 
reactors. The codes chosen for this work were the Monte Carlo code Serpent, and the nodal 
diffusion code DYN3D. The Serpent code was used for two purposes: to generate reference 
solutions for the cases studied, and as a cross section generating tool. Meanwhile, DYN3D 
was utilized for core simulations. Chapter 1 and Chapter 2 of this thesis provide an 
overview of the background and the theory applied in this work, including a brief 
description of neutron transport and neutron diffusion, as well as a description of the 
computational methods and the associated codes used in the subsequent analyses. 
The core taken as a reference for this work is the Advanced Burner Reactor (ABR). 
In Chapter 3, detailed description of the reactor is presented, including details about each 
assembly type and materials used throughout the core. The full 3D ABR core is then 
modeled in Serpent to be used as a reference for comparison in further studies, as presented 
in Chapter 4. In order to verify that the Serpent model can be used as a valid reference, 
some static state calculations were performed and compared to results presented in the 
OECD/NEA benchmark. The results of the Serpent ABR model were within good 
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agreement to the average results by benchmark participants, verifying that the model could 
be used as a valid reference solution.  
In Chapter 5, an initial depletion analysis comparing Serpent and DYN3D is 
performed for a 2D fuel lattice and for the full ABR core. Also, the process used for 
macroscopic cross section generation is presented. The analysis shows that for a 2D 
assembly, using the INF cross-sections leads to almost perfect agreement in criticality 
between Serpent and DYN3D. In the case of the full core, where the fuel assemblies 
experience closer-to-critical conditions, it is shown that the B1 cross-sections generate 
better results, as demonstrated by comparing the criticality and the radial power distribution 
throughout the depletion cycle.  
Finally, Chapter 6 presents the bulk of the work in this thesis, where the Serpent-
DYN3D code sequence is applied for decay heat analysis. First, a study on the effects of 
operational conditions on the decay heat in fast reactors is performed. It is found that decay 
heat is not highly dependent on variations of fuel temperature and coolant densities, 
therefore the remaining of the analyses are performed using only the nominal operating 
conditions. The chapter goes on to describe the hybrid micro-depletion method 
implemented in DYN3D and the microscopic cross-section generation procedure. In 
Section 6.4, decay heat analyses were performed for a 2D infinite lattice, a 3D fuel 
assembly, and finally for a 3D full core model. In all the analyzed cases, very good 
agreement in criticalities, power distributions, isotopic concentrations, and spatial (and 
total) decay heat distributions were observed. The maximum difference in radial heat 
distribution was found to be 2.19%.  
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These results demonstrate that the Serpent-DYN3D code sequence is a useful tool 
in decay heat analysis, especially for advanced systems in which experimental data and 
correlations are not readily available. Applying this methodology saves time and 
computational resources, allowing for the analyses of various accident scenarios to be 
performed efficiently and with high fidelity.  
7.2 Future Work 
Some aspects might be taken into consideration for the continuation of this work. 
First, although the analysis has shown good agreement between the Serpent-DYN3D code 
sequence and the reference Serpent solutions, some steps can be taken to explore the 
possibility of diminishing the discrepancies even further. This can include the usage of the 
Superhomogenization (SPH) method [23], which is a process where the cross-sections 
generated in Serpent are corrected by applying an iterative method to take into account the 
difference between the heterogeneous and homogeneous fluxes. These differences might 
cause a larger impact in nodes where there is a large variation between the heterogeneous 
and homogeneous fluxes, such as in the case of radial reflective assemblies that are next to 
fuel assemblies. Another possible approach to diminish the difference between results 
might be related to the simplification regarding the fission yield as reported in Chapter 6. 
Generating fission yields that were energy-independent and constant throughout the fuel 
cycle led to non-negligible discrepancies of fission product concentrations. Therefore, 
future work should focus on developing approaches which avoid storing the fission yields 
as functions of operating conditions, which makes the associated data libraries prohibitive 
large. 
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Aside from further fine tuning the results presented in this thesis, the next logical 
step would be to apply the methods presented here to analysis of accident scenarios. The 
decay heat generated in an accident scenario is of upmost concern when evaluating the 
integrity of the reactor, and therefore the DYN3D transient capabilities can be explored for 
the analysis of accident scenarios of sodium cooled, metal fuel fast reactors. The ability to 
calculate the heat generated in each specific node allows for the determination of safety 
margins in relation to fuel melting in each subsection of the reactor. Another possible 
application of the Serpent-DYN3D code sequence for decay heat is to use it for the analysis 
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